ABSTRACT. Phosphatidylinositol (PI) lipids are necessary for many cellular signaling pathways of membrane associated proteins, such as Angiomotin (Amot). The Amot family regulates cellular polarity, growth, and migration. Given the low concentration of PI lipids in these membranes, it is likely that such protein-membrane interactions are stabilized by lipid domains or small lipid clusters. By small-angle x-ray scattering, we show that non-phosphorylated PI lipids induce lipid de-mixing in ternary mixtures of phosphatidylcholine (PC) and phosphatidylethanolamine (PE), likely due to preferential interactions between the head groups of PE and PI. These results were obtained in the presence of buffer containing concentrations of Tris, HEPES, NaCl, EDTA, DTT, and Benzamidine at pH 8.0 that in previous work showed an ability to cause PC to phase separate but are necessary to stabilize Amot for in vitro experimentation. Collectively, this provided a framework for determining the effect of Amot on lipid organization. Using fluorescence spectroscopy, we were able to show that the association of Amot with this lipid platform causes significant reorganization of the lipid into a more homogenous organization. This reorganization mechanism could be the basis for Amot membrane association and fusigenic activity previously described in the literature and should be taken into consideration in future protein-membrane interaction studies.
Introduction
Angiomotins (Amot) are a family of proteins shown to regulate transcription and cellular organization 1 . The Amot coiled-coil homology (ACCH) domain directs this protein to membranes via a specific affinity for selected phosphatidylinositol (PI). PIs are a family of negatively charged glycerophospholipids with an inositol ring that can be phosphorylated at the 3', 4', and 5' positions and play an important role in several biological signaling events 2, 3 . Although considerable attention has been focused on phosphorylated PIs, several recent reports describe key biological functions/roles in inducing disease states played by non-phosphorylated lipids 4, 5 . Nonphosphorylated PI ( Figure 1 ) is a negatively charged, naturally occurring lipid found in a variety of biological membranes that participate in scaffolding, cellular compartmentalization, and signal transduction 6, 7, 8 .
Figure 1. Pictorial representations of phosphatidylinositol (PI)
When PI is selectively phosphorylated by enzymes, it forms three mono-phosphorylated PI (PIP)
family members: phosphatidylinositol 3-phosphate (PI3P), phosphatidylinositol 4-phosphate (PI4P), and phosphatidylinositol 5-phosphate (PI5P). PI3P, which is phosphorylated at the 3' position on the inositol ring ( Figure 2 ), is generally found in apical membranes and microdomains of early endosomes and has been determined to play a role in membrane/vesicle trafficking, and receptor internalization in metabolism and anti-apoptosis 9, 10, 11, 12, 13, 14, 15 . Likewise, PI4P is found While the varying levels of PI phosphorylation has been linked to maintaining cellular polarity and organization, the expression level of selected PI family members has been linked to the selective affinity and activity of the ACCH domain. The ACCH domain has a modest affinity for non-phosphorylated PI, highest affinity is for mono-phosphorylated PIs, and no appreciable affinity to di-and tri-phosphorylated PIs 36, 37, 38, 39 . After associating with membranes containing PIs, the ACCH domain then exhibits vesicle joining, membrane remodeling, and membrane protein recycling activity 36, 40 . Additionally, several other membrane associated domains that have a high affinity for PIPs also show a modest affinity for non-phosphorylated PIs 41 . Collectively, this suggests that protein affinity to lipid platforms possessing either non-or mono-phosphorylated PIs depend on the nature of the lipid surfaces, not necessarily specific to the degree of phosphorylation but rather the interaction of PI head groups with other lipids 42, 43, 44, 45 . This is particularly valid given the ACCH domain inability to discriminate between di-and triphosphorylated PIs 36 . Therefore, we endeavored to determine the mechanism(s) that drive this selective affinity, including the events leading to phase separation.
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Traditionally, the appearance of lipid phase separations is described as being a function of acyl chain fluidity, cholesterol miscibility, and environment effects on the lipids 46, 47 . Few reports, however, have suggested that charge is a major driver in phase separation. For example, work reported by Gordon et al. characterized domain formation in binary mixtures of phosphatidylserine (PS)-phosphatidylcholine (PC) as differing from those of phosphatidylethanolamine (PE)-PC 48 .
Ternary mixtures of phosphatidylglycerol (PG)-PC-cholesterol and PS-PC-cholesterol have been
reported to form domains that were regulated by membrane charging 49, 50 .
Several studies have examined the structure of two- However, work done with unsaturated acyl chains in PCs has not been as clear. Conflicting literature reported that the degree of unsaturation and length of the acyl chains, as well as the position and amount of PI phosphorylation, led to varied ability for demixing 54, 55, 56 . Binary mixtures with these lipids are a complicated story that involves both inter-and intra-molecular hydrogen bonding 56 . In the presence of PC, non-phosphorylated PI appeared to require the presence of di-phosphorylated PIP2s to de-mix, as the clustering was suggested to be a result of enhanced PI phosphomonoester ionization 53, 57 . Furthermore, Graber et al. reported that ternary mixtures including PE lead to hydrogen bonding between the primary amine of the PE and the PIP 3'-or 5'-phosphomonoester groups, without the appearance of phase separation 57, 58 . While it is 7 affinity assays conducted by Heller et al., it was determined that the ACCH domain had a strong affinity for PI and PIP, and almost none for PIP2 and PIP3 containing mixtures. It is clear that this PC-PE-non-phosphorylated PI mixture must have similar structures to those with PC-PIP liposomes 36 .
The literature has little indication that ternary PC/PE/PI mixtures have phase separations 50, 59 , however the presence of PI lipids plays a key role in deformation of liposomes based on electron micrographs obtained by Heller et al. 36 . Although there has not been a previous report with detailed analysis of the structures that these mixtures may form within the membrane as a signaling platform, we hypothesized that the incorporation of PE into this lipid mixture will cause intramolecular hydrogen bonding with the inositol head group of the non-phosphorylated PI, in a manner similar to that seen in PC/PIP mixtures, where the PIPs increased ionization state of the phosphomonoester group is maintained by a higher pH buffer. In this report, we show that increasing the non-phosphorylated PI lipid content generates a coexistence of lipid phases as seen by small-angle x-ray scattering of multi-lamellar lipid vesicles (MLVs). We infer that this phase separation tendency of these lipid platforms is a factor in Amot affinity. Fluorescence quenching is then used to show that the affinity of the ACCH domain to non-phosphorylated PI containing liposomes is correlated to the formation of PI-induced domains and that this interaction causes further lipid reorganization. As a result, we suggest the need for further investigation into the hydrogen bonding that occurs between PE and non-phosphorylated PI leading to this de-mixing behavior and potential implications on other physical parameters such as membrane curvature.
Experimental Methods
Materials. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC), 1-palmitoyl-2- 
Methodology
Protein Purification. The Amot ACCH domain cDNA was subcloned into the pGEX expression plasmid and transformed into Escherichia coli BL21 (DE3) cells as previously described 60 .
Mutations in the DNA sequence were cloned into the vector using Pfu Polymerase AD in a site directed mutagenesis polymerase chain reaction 61, 62, 63 . Cells were grown in 2xTY medium with 100 mg/L ampicillin at 37ºC. 0.1mM isopropyl-beta-D-thiogalactopyranoside was used to induce protein synthesis at 16ºC overnight. Cells were pelleted by centrifugation and solubilized in lysis buffer (phosphate buffered saline solution containing 1 mM DTT, 4 mM Benzamidine, and 24.7 μM dodecyl thiomaltopyranoside). 50g/L lysozyme was used to lyse the cells using previously described methodology 64 . Lysate was then collected by centrifugation at 15000 rpm at 4ºC for 30 9 minutes using a JA-10 rotor. Protein was purified using batch purification of glutathione resin 65, 66, 67 . The protein was eluted from the resin by 50mM glutathione added to an elution buffer containing 50 mM Tris, 600 mM HEPES, 300 mM NaCl, 0.5 mM EDTA, 1 mM DTT, 4 mM Benzamidine, 24.7 μM dodecyl thiomaltopyranoside. High salts and detergents were included in the elution buffer to increase protein stability in solution at concentrations > 0.5g/L (10 µM). The proteins were analyzed for purity using SDS-PAGE and concentrated using a 10 kDa filter tube to ≥ 32µM for storage.
Liposome Formation. Multi-lamellar vesicles (MLVs) were prepared using previously described methods 68, 69, 70 . In short, MLVs were prepared by hydrating lyophilized lipid powder in 1 to 6 mL aqueous solution to make a final lipid concentration of 100 mM. To ensure complete mixing, solutions were heated above 90°C for an hour, put through 3-freeze/thaw cycles, and then bath sonicated for over an hour on an ice bath. Aliquots of lipid solutions were diluted to the appropriate concentration for the specific experiment. Then the lipid mixture was equilibrated at 4°C overnight to maintain smaller vesicle sizes typically used for protein related studies 71 . Proteoliposomes were made by introducing protein to liposomes that had been sonicated at 10 mM until there was a lack of MLV related turbidity 72, 73 , diluting sample to concentrations as designated, and equilibrating at 4°C overnight.
Small Angle X-ray Scattering (SAXS).
Measurements were performed at the Advanced Photon Source (APS/ANL) beamline 12-ID-C. The pinhole setup at 12-ID-C used a photon energy of 12 keV and a custom-built 4-quadrant mosaic X-ray CCD camera Platinum detector (1024x1024 pixel). The sample-to-detector distance was ~2.2m and had a flux of approximately 5x10 12 photons/second. Samples were measured as suspended droplets for 0.1s at ~23⁰C for 0.1s.
2D scattering data for 5 shots were averaged and integrated over the chi angle to obtain intensity versus q (Å -1 ). Scattering intensities were analyzed using Irena software developed for use in Igor 74 . The Lorentzian peak, which fits intensity scattering curves using script in Igor version 6.3, was used to determine the peak position of the scattering curves that were used to calculate the lattice spacing (d-spacing) which comprises the average thickness of the membrane and the water layer 75 . For lamellar structures, the d-spacing can be calculated from the position of the first order diffraction peak, q0,0,1 = 2π/d. For each lipid composition, scattering measurements were performed from at least 3 preparations. No significant differences in the scattering peak position(s)
were observed between samples.
Fluorescence Quenching. Vesicles for these experiments contain 0.5 mol% NBD PC and 2 mol% of either TopFluor TMR lipid (PE for 0 mol% PI mixtures, and PI for all other lipid mixtures) as the donor-acceptor pair. Fluorescence measurements were taken on a black 384-well plate (Corning 3571) using a Flexstation II plate reader. NBD PC was excited using a wavelength of 460nm and the intensity of the emission was measured at 534nm. The background fluorescence of the lipids and buffer were < 1% of the samples containing fluorophores and therefore were not subtracted from the intensity of the signal. Background fluorescence from the ACCH domain was ≥ 1% and were subtracted from the intensity measured from protein + lipids samples. Proteoliposomes were made by incubating 15.6µM protein GST-tagged Amot80/130 ACCH domain in 0.18mM of POPC/POPE/PI (80-X/20/X mol%) prepared as previously described and then incubated on an orbital shaker in the dark at room temperature overnight. The protein concentration chosen has been previously reported to be saturating for PI containing mixtures 36 . Fluorescence measurements were then taken at 22⁰C, divided by the volume of the sample, and reported as a normalized intensity (n=5). 
Results and Discussion
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Lipid Small Angle X-ray Scattering.
POPC/POPE mixture. Figure 3 shows SAXS data collected on MLVs containing either pure POPC or POPE compared to an 80/20 mol% mixture of POPC/POPE. In the buffer described in the Methods, pure POPE gives two Bragg peaks with a q value of 0.11 Å -1 and a temperature related peak at a q of 0.102 Å -1 , as demonstrated by temperature scan measurements in Figure S2B .
The scattering profiles are similar to measurements previously reported for PE membranes 76, 77, 78 , however the presence of buffer broadens features in the scattering. The effect of buffers on POPC scattering is more pronounced than for POPE, resulting in the superposition of Bragg peaks and very broad features, as we have shown before 79 . We should note that these broad features due to the choice of buffer, which is necessary for ACCH domain stability, preclude a detailed quantitative analysis of the scattering profile. We have recently reported the effect of each of the buffer components on POPC scattering behavior 79 , and we have summarized these results in comparison with the current buffer in Figure S1 . However, as we will show, the observed differences in scattering profiles are sufficient to allow a comparison of binary and ternary lipid mixtures in the same buffer conditions. In Figure 3 , we compare the scattering of pure lipid with the 80/20 mol% POPC/POPE mixture of interest. We chose this particular mixture because Amot has been shown to have no affinity to it until PI is added 36 . The peak positions of the 80/20 mol% POPC/POPE MLVs are more similar to that seen from pure POPC than from pure POPE with no additional peaks (Table 1) . Similarity with POPC scattering indicates that POPE does not significantly affect the lamellar structure of POPC when buffers are present, while the absence of additional peaks suggests that POPE is integrated in the POPC matrix and does not separate into a different phase. Figure 4 shows SAXS data collected on binary mixtures of POPC/PI and POPE/PI to show the effects of incorporating PI into POPC or POPE membranes. The binary mixing ratios were chosen to reflect the ternary PC/PE/PI mixing ratio of interest for Amot-membrane association. Equimolar POPE/PI MLVs diffract as 3 visible repeating Bragg peaks that decrease in intensity with increasing q values ( Table 2 ). This diffraction pattern presents sharp peaks characteristic to POPE vesicles but with a larger q value of 0.121 Å -1 (Table   2 ) compared to 0.110 Å -1 for POPE alone (Table 1) . As this equimolar mixture exhibits a single dspacing, it suggests that PI and POPE are well mixed and form a singular phase. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 Next, we compare these results with the 80/20 mol% POPC/PI MLVs diffraction profile also shown in Figure 4 . The POPC/PI profile presents two large features with a small shoulder around q ~ 0.1 Å -1 (Table 2) . The large features appear at a q value of 0.09 and 0.18 Å -1 , respectively (Table 2) , which indicates these are a pair of broad repeating lamellar Bragg peaks. This scattering profile is clearly different from that of POPC alone ( Figure 3) and that of the 80/20 mol% POPC/POPE mixture which is reproduced in Figure 2 for comparison. Figure 2 shows that the scattering features of POPC/PI are more pronounced than those of POPC/POPE which indicates that addition of PI to POPC in our buffer stabilizes the lamellar structure to a much larger extent than adding POPE. In particular, the low q region ≤0.1 Å -1 1 of POPC/PI is now narrower than that of POPC/POPE (or POPC alone for that matter) and the second order scattering for q ≤0.2 Å -1 is more pronounced (Figure 4 ). This sharpening of the scattering profile indicates that the presence of PI prevents some of the buffer/salt effects on POPC lamellar structure previously reported 79 Amot association 36 . All samples were made in Amot ACCH domain elution buffer at 22°C. Figure 5 . SAXS intensity profiles of POPC, POPE, and POPC/POPE as PI is added to the mixture.
Binary mixtures with non-phosphorylated PI.
All samples were made in Amot ACCH domain elution buffer at 22°C. 54 . Also, the degree of PC lipid acyl chain saturation has been shown to play a role in PI ability to phase separate. Sarmento et al. reported that mixed chain PC does not demix from 1 mol% DOPI(4)P regardless of the presence of divalent cations or the addition of previously reported saturated lipids that drive fluid/gel lipid demixing 55 . The compilation of this literature suggests that the demixing seen in this report cannot simply be an effect of acyl chain mixed saturation.
Next, we considered the role of head group ionization state of PI in lipid demixing. Kooijman et al. reported lipid demixing behavior exhibited by mixed chain porcine brain PI(4,5)P2, dioleoyl-PI(4,5)P2 and dioleoyl-PI(3,4)P2 in the presence of DOPC as a result of pH-dependent ionization of the head group that lent to the formation of intramolecular hydrogen bonds when incorporated into membranes as low as 1 mol% 56 . Dioleoyl-PI(3,5)P2 was not found to have the same biphasic behavior but dioleoyl-PI(3,4,5)P3 showed a much more complicated behavior which has been described as a mixture between inter-and intra-molecular hydrogen bonding 56 . This suggests that the place and degree of head group ionization has a much more complicated effect on lipid demixing based on the ability to form complex hydrogen bonds. Later studies by Graber et al.
suggested that POPC/20 mol% liver PI required the presence of porcine brain PI(4,5)P2 to demix 57 , and DOPC/2mol% porcine brain PI(4,5)P2 requires the incorporation of 10 mol% plant PI in order to demix 53 . In both instances, they suggested that the presence of mixed chain PI enhanced the 5'-phosphomonoester ionization of the PI(4,5)P2 thereby negatively charging the membrane leading to the demixing of a PI/PI(4,5)P2 complex 53, 57 . These studies suggest that non-phosphorylated PI could indeed demix in a negatively charged membrane. The authors are unaware of work that studies buffers inducing electrostatic interactions on the surface of membranes containing nonphosphorylated PI and the consequential effect on hydroxyl groups forming hydrogen bonds with PE that may explain our results. However, previous work from this group on the buffer components on POPC 79 , as well as the work provided in this report utilizing the current buffer on POPC does suggest that membrane charging could be occurring. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 18 mixtures, without the presence of another negatively charged head group component, suggests that for this system the effect of the surface charge including the PE-PI head group interaction dominates the effect of chains, which is a paramount finding for the physical chemistry of lipids. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 19 Phase separation in ternary mixtures is independent of temperature. Given the complexity of the acyl chains within this ternary mixture, we studied the role of acyl chain fluidity in its phase separating behavior by looking at the scattering as a function of temperature ( Figure 7 ). Figure 7 shows SAXS profiles of the PC/PE/PI mixture for temperature values between 1 and 41 o C both under heating and cooling conditions. For comparison, we have also included the temperature scan of POPC, POPE, and POPC/20 mol% POPE, ( Figure S2 ) which suggests a temperature dependence in PC ability to mix with PE. Although scattering peaks shift in q-values as temperature is changed, the overall scattering profile does not, except for systematic changes in peak intensities. Intensity changes are most likely due to the fact that electron densities are temperature dependent (which therefore affects the scattering form factor) and that changes in dspacing to different q-values that are scaled by different form factors. Unlike classically studied membranes of ternary mixtures where there is phase separation between fluid and rigid lipids mediated by cholesterol content 80, 81, 82, 83, 84, 85 , the phase separation of this POPC-POPE-PI mixture is not temperature dependent, as there are no changes in appearance of the two lipid phases as the temperature is increased above the melting temperature of all the individual components.
We therefore conclude that this POPC-POPE-PI de-mixing behavior is thermostable.
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We have shown previously that the buffer used in this study caused POPC organization to change from a characteristic d-spacing of 64 Å, a Lα phase, to a phase separating liquid phase with at least 2 d-spacings driven by the HEPES, Tris and EDTA content of the buffer 79 . In that study, we suggested that the differences in the d-spacings were due to changes in the thickness of the interlamellar water space. However, in this study, the 50 mM Tris, 600 mM HEPES, 300 mM NaCl, 0.5 mM EDTA, 1 mM DTT, 4 mM Benzamidine, 24. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21 membrane complexity, the incorporation of 10 mol% PI to make a three-component mixture further complicates the scattering profile. However, comparing the scattering profiles of binary mixtures allows us to separate buffer effects from those of membrane composition. While the data presented suggest that there are interactions that led to the occurrence of phase separation in the ternary PC/PE/PI mixture leading to a phase rich in PC and another rich in PE/PI, more studies would have to be done to determine if any of the buffer components play a significant role in this result.
Lipid Fluorescence Measurements
We further examined the effect of PI on lipid organization by studying fluorescence quenching in proteo-liposomes. This method is appropriate for studies of lipid mixing and has been applied to systems in which lipid heterogeneity was introduced as a function of cholesterol content 86, 87 , resveratrol 88 , acylated cholesteryl galactoside 89 , or cationic lipids 90 . In this method, fluorescence quenching is maximal when donor and acceptor groups are in close proximity and it diminishes when donors and acceptors are separated in space. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   22 In fact, by this method, we detect a sharp decrease in fluorescence quenching as a function of %PI around 16 mol% PI which strongly suggest an abrupt reorganization of the lipid mixture at this PI concentration. Above 16 mol % PI, quenching is no longer observed, which indicates a quasicomplete separation of PI from PC. These results are consistent with SAXS measurements where two fully discrete phases were seen at ~20 mol % PI but not below, a lipid mixture that matches those previously reported to have significant Amot affinity 36 . Figure 9 shows NBD fluorescence quenching measurements using the same lipid compositions as in Figure 8 but in the presence of the Amot ACCH domain. The overall trend is similar to that of the lipid only samples, where there is a distinct linear range at low %PI followed by a plateau region. Here, however the linear region ends at ~12 mol% PI and is followed by a plateau region without a jump at higher PI concentration. Importantly, fluorescence quenching in the presence of protein persists even at high PI and is not eliminated as in the lipid only sample. This suggests 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 24 Depending on the type of head group and acyl chains, phospholipids tend to induce membrane curvature 98, 99 . These tendencies are manifested in morphological phase transition as for example in the case of DOPE which forms inverse hexagonal phases. DOPE then is said to have negative 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Conclusion
The objective of this study was to characterize the non-phosphorylated PI membrane that attracts The following files are available free of charge.
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